Self-reported food frequency questionnaires (FFQs) have occasionally been used to investigate the association between whole-grain intake and the incidence of colorectal cancer, but the results from those studies have been inconsistent. We investigated this association using intakes of whole grains and whole-grain products measured via FFQs and plasma alkylresorcinol concentrations, a biomarker of whole-grain wheat and rye intake, both separately and in combination (Howe's score with ranks). We conducted a nested case-control study in a cohort from a research project on Nordic health and whole-grain consumption (HELGA, 1992(HELGA, -1998. Incidence rate ratios and 95% confidence intervals were calculated using conditional logistic regression. Plasma alkylresorcinol concentrations alone and Howe's score with ranks were inversely associated with the incidence of distal colon cancer when the highest quartile was compared with the lowest (for alkylresorcinol concentrations, incidence rate ratio = 0.34, 95% confidence interval: 0.13, 0.92; for Howe's score with ranks, incidence rate ratio = 0.35, 95% confidence interval: 0.15, 0.86). No association was observed between whole-grain intake and any colorectal cancer (colon, proximal, distal or rectum cancer) when using an FFQ as the measure/exposure variable for whole-grain intake. The results suggest that assessing whole-grain intake using a combination of FFQs and biomarkers slightly increases the precision in estimating the risk of colon or rectal cancer by reducing the impact of misclassification, thereby increasing the statistical power of the study. biological markers; cereals; colorectal neoplasms; questionnaire Abbreviations: CI, confidence interval; EPIC, European Prospective Investigation Into Cancer and Nutrition; FFQ, food frequency questionnaire; HELGA, a research project on Nordic health and whole-grain consumption; IRR, incidence rate ratio.
One of the major challenges in nutritional epidemiology is obtaining an accurate measurement of dietary intake (1) . Whole-grain intake may be particularly challenging to measure because of the wide variation in whole-grain content between products and because there are no universal definitions of whole grains or whole-grain products (2) . The methods commonly used to measure dietary intake in epidemiologic studies are based on self-reported intake, for example, food frequency questionnaires (FFQs) (3, 4) . The association between whole-grain intake and the incidence of colorectal cancer has been investigated in several prospective studies with information on dietary intake derived from FFQs, but results have been inconsistent. Some studies have shown an inverse association (5) (6) (7) (8) (9) , whereas others showed no association (6, (10) (11) (12) .
Dietary biomarkers have been proposed as an objective measure of the intake of specific foods (13) . Alkylresorcinols comprise a group of 1,3-dihydroxy-5-alkylbenzene homologues with an odd-numbered alkyl side-chain ranging from 17 to 25 carbon atoms. They are found almost exclusively in the bran of wheat and rye, and only minute or trace levels are in refined grains (14) . Plasma alkylresorcinol concentrations have been found to be useful as a concentration biomarker of short-to medium-term intakes of whole-grain wheat and rye (15) . The validity and reproducibility of this biomarker as an indicator of whole-grain intake have been investigated in intervention studies (14, (16) (17) (18) and under free-living conditions (15, (19) (20) (21) . The correlations between calculated alkylresorcinol or whole-grain wheat and rye intakes and plasma alkylresorcinol concentration typically range from 0.25 to 0.58, depending on the dietary assessment method used (22) . Long-term reproducibility (0.1-4 years) is moderate to good in northern European populations (15, 19, 23) . We recently conducted a nested case-control study within the European Prospective Investigation Into Cancer and Nutrition (EPIC) cohort and found that plasma total alkylresorcinol concentrations were inversely associated with incidence of distal colon cancer (24) . Unfortunately, data on whole-grain intake were not available in that study.
Both self-reported dietary intake and measurement of dietary biomarkers can be erroneous (4, 13) , which could attenuate any association found between a diet and a disease. The sources of measurement errors for the 2 measures differ and are assumed to be independent (25) . It could therefore be advantageous to include data on a biomarker and self-reported intake when investigating the association between wholegrain intake and the incidence of colorectal cancer, particularly as the results of previous studies have been inconsistent. Howe's score with ranks could be used to combine selfreported dietary intake and an appropriate biomarker, as this method may reduce the impact of any measurement errors associated with either measurement alone (25, 26) . Thus, we hypothesized that the use of Howe's score with ranks for whole-grain intake measured by both FFQs and plasma alkylresorcinol concentrations would provide a more accurate ranking of whole-grain intake than would either measure alone, thereby increasing the statistical power of an investigation of the relationship with the incidence of colorectal cancer. The aim of the present study was therefore to compare whole-grain intake measured from FFQs and plasma alkylresorcinol concentrations, both separately and in combination using Howe's score with ranks, in relation to the incidence of colorectal cancer in a nested case-control study in a cohort from a research project on Nordic health and whole-grain consumption (HELGA). This population was part of the larger EPIC cohort, and results of that study have been published previously (24) .
METHODS

Study population
The HELGA cohort consists of 120,016 men and women in 3 prospective cohorts: the Norwegian Women and Cancer Study, the Northern Sweden Health and Disease Study, and the Danish Diet, Cancer, and Health Study (27) (28) (29) . For the Norwegian cohort (n = 37,231), data were collected in 1998 from women all over Norway who were 40-55 years of age at recruitment (28) . Data for the Swedish cohort (n = 25,732) were collected in 1992-1996 and based on the general population of men and women in northern Sweden who were 30-60 years of age at inclusion (27) . For the Danish cohort, data were collected between 1993 and 1997 on men and women (n = 57,053) from the Copenhagen and Aarhus areas of Denmark who were 50-64 years of age at recruitment (29) . Participants in all 3 cohorts were identified using national population registers and invited randomly (30) .
The present study was approved by the ethical review board at the International Agency for Research on Cancer (Lyon, France) and the ethical committees of the participating centers. All participants gave informed consent, and the procedures were in line with the Helsinki Declaration.
Case ascertainment
Cases were study participants who were diagnosed with colorectal cancer as the first primary cancer between baseline and the end of follow-up (Norway: December 31, 2004; Sweden: December 31, 2005; Denmark: December 31, 2003) . Cases of colorectal cancer were identified according to their code in the 10th revision of the International Statistical Classification of Diseases, Injury, and Causes of Death. Colon cancer was defined as cancer of the caecum (code C18:0), appendix (code C18:1), ascending colon (code C18:2), right hepatic flexure (code C18:3), transverse colon (code C18:4), left splenic flexure (code C18:5), descending colon (code C18:6), sigmoid colon (code C18:7), overlapping colon (code C18:8), colon unspecified (code C18:9), or rectosigmoid junction (code C19:0). Cancer of the colon was divided into proximal (codes C18:0-C18:5) and distal colon (codes C18:6-C18:7) cancer. Rectal cancer was classified as cancer of the rectum (code C20:0).
Nested case-control design
The 522 colorectal cases were matched 1:1 with controls using incidence density sampling among eligible cohort members who were alive with no diagnosis of cancer at the time the case was diagnosed. Matching was further based on sex, study center, fasting status (nonfasting: last food eaten <3 hours before the blood draw; in-between: last food eaten 3-6 hours before the blood draw; fasting: last food eaten >6 hours before the blood draw), age at blood collection ( plus or minus 5 years), date of blood collection ( plus or minus 6 months), and time of day of blood collection ( plus or minus 4 hours). Women were further matched on use of oral contraceptives or hormone replacement therapy, menopausal status, and phase of menstruation cycle. A total of 522 case-control pairs were included in the study (18 pairs from Norway, 98 pairs from Sweden, and 406 pairs from Denmark). A total of 450 complete case-control pairs were included in the statistical analyses after exclusion of 72 pairs for which plasma samples were missing, the amount of plasma was too small, there were laboratory errors, the matched case or control was missing, or there was lack of information on whole-grain intake or any of the covariates.
Assessment of dietary intake and lifestyle factors
Information on diet and lifestyle factors was gathered using either semiquantitative FFQs or a separate lifestyle questionnaire. All 3 FFQs and lifestyle questionnaires have been validated and described in detail elsewhere (31) (32) (33) . Height and weight were self-reported by the Norwegian participants, whereas the Swedish and Danish participants were measured by trained personnel at the local study centers. Whole grains were defined according to the following definition from the American Association of Cereal Chemists: "Whole grains shall consist of the intact, ground, cracked or flaked caryopsis, whose principal anatomical componentsthe starchy endosperm, germ and bran-are present in the same relative proportion as they exist in the intact caryopsis" (34) .
Whole-grain intakes in all 3 FFQs was estimated as a weighted mean estimate of the usual whole-grain product intake from a single, more detailed 24-hour dietary recall from a subset of participants of the HELGA cohort (35, 36) . Total whole-grain intake (g/day) was the calculated absolute intake of the specific whole-grain type (wheat, rye, oats, and other grains). To calculate the usual absolute intake of whole-grain types, information about the whole-grain content in food products was collected from manufacturers and product labels. In Denmark, information from a report on whole grains by the Danish National Food Institute (37) was also used. In some cases, the whole-grain content of a product was not available and was estimated from information on similar products. Recipe books were also used if necessary (36, 38) . Whole-grain products (grams of product) were primarily found in the following 3 food groups: whole-grain bread, breakfast cereals, or crisp bread (a type of hard bread typically made of rye or wheat flour). The majority of the products included were whole-grain products, but a few non-whole-grain products were also included, such as cornflakes. The methods for estimating intakes of whole grains have been described in more detail elsewhere (36, 38) .
Alkylresorcinol concentrations in plasma
Blood samples were drawn at baseline. Participants in the Swedish cohort were fasting before the blood draw, whereas participants in the Norwegian and Danish cohorts were not; however, time since the last food was eaten was recorded (27) (28) (29) 39) . The samples from all centers were processed and aliquoted at the local study center. The Norwegian blood samples were stored in heat-sealed straws at −196°C under liquid nitrogen at the International Agency for Research on Cancer in Lyon, France. The Swedish and Danish blood samples were stored in cryo-tubes at −80°C in freezers in Umeå, Sweden, and at −150°C under nitrogen vapor in a biobank in Copenhagen, Denmark, respectively (29, 30) .
The plasma concentrations of alkylresorcinol homologues (C17:0, C19:0, C21:0, C23:0, and C25:0) were determined by gas chromatography-mass spectrometry, in which molecular ions were used for quantification in single-ion monitoring mode (40) . Plasma (200 µL) from each participant was used, and 10-15 case-control pairs and 4 control samples were analyzed in each batch according to a previously reported method (40) . The within-and between-day precision levels, expressed as the coefficient of variation, were 11% and 22%, respectively. Total plasma alkylresorcinol concentrations (sum of all homologs) were used in the statistical analyses.
Statistical methods
The baseline characteristics of the participants are presented as percentages for categorical variables and as median values (with 5th and 95th percentiles) for continuous variables. As the whole-grain variables and plasma alkylresorcinol concentrations did not have normal distributions, crude (unadjusted) Spearman's correlation coefficients were calculated and used to determine the correlation between the different wholegrain intakes derived from FFQs and plasma alkylresorcinol concentrations.
Whole-grain intake was assessed from the FFQs, plasma alkylresorcinol concentrations, and a combination of the 2 using Howe's score with ranks, which was calculated by ranking the participants according to reported whole-grain intake from the FFQs (q) and according to their plasma alkylresorcinol concentration (m). The ranks were then summed for each participant (q + m), giving each participant a score. We allowed multiple participants to have the same score. The maximum score was equal to the number of participants multiplied by 2 (1,800 points).
Conditional logistic regression was used to estimate the odds ratios and 95% confidence intervals for colorectal cancer and its subtypes (colon, proximal colon, distal colon, and rectal cancer) in relation to the different measures of wholegrain intake. Because of the incidence density sampling methods used, the estimated odds ratios were approximately the same as incidence rate ratios (41) . Exposure variables are presented as linear and shown per each sex-specific interquartile range increment of intake, concentration, or points (based on Howe's score with ranks) and as sex-specific quartiles. These exposure variables were tested for linearity using a spline test, and no departure from linearity was found (data not shown).
Several factors have been associated with the risk of colorectal cancer or with whole-grain intake, and these factors could be potential confounders of the association between whole-grain intake and the risk of colorectal cancer. The World Cancer Research Fund/American Institute for Cancer Research has classified potential risk factors for colorectal cancer according to how well-established the evidence is (42) . Those factors classified as "convincing" and "probable" (highest and second-highest evidence level) were therefore investigated as potential confounders. Furthermore, in the HELGA cohort, several lifestyle and dietary factors were found to be associated with whole-grain intake (36) and could thereby be potential confounders. On the basis of this knowledge, we adjusted the analyses for the following potential confounding factors: alcohol intake (g/day), body mass index (weight (kg)/height (m)
2 ), total meat intake (g/day), dairy product intake (g/day), smoking status (never smoker, former smoker, current smoker, or unknown), and educational level (university or higher, secondary or technical/ professional school, or primary school). Two models were used to investigate the association between whole-grain intake and incidence of colorectal cancer: One model, referred to as the "unadjusted model," conditioned on matching factors only, and an "adjusted model" conditioned on matching variables and adjusted for the potential confounders listed above. A further model was constructed in which adjustment was made for energy intake (kJ/day), but because this adjustment did not change the estimates, this model was not included.
Tests for heterogeneity of the association between plasma alkylresorcinol concentration and incidence of colorectal cancer by country, fasting status, and sex were performed with Wald's test. No signs of heterogeneity were observed (results not shown). f Fasting indicates that the last food was eaten more than 6 hours before the blood draw; in-between, last food was eaten 3-6 hours before the blood draw; and nonfasting, last food was eaten less than 3 hours before the blood draw.
Whole The statistical analyses were performed using SAS software, version 9.2 (SAS Institute, Inc., Cary, North Carolina). The PHREG procedure was used for conditional logistic regression analyses and the CORR (Spearman) procedure was used for correlation analyses.
RESULTS
Of the 450 colorectal cancer cases, 287 were classified as colon cancer (98 proximal colon cancers, 139 distal colon cancers, and 50 other unspecified colorectal cancers) and 163 were classified as rectal cancer. The median follow-up time of cases was 4.6 years. Compared with cases, controls had higher intakes of whole-grain products, slightly lower intakes of total meat, slightly higher mean plasma alkylresorcinol concentrations, and higher Howe's scores with ranks (Table 1) .
Total whole-grain intake and intakes of whole-grain rye, total whole-grain products, and whole-grain bread were weakly but positively correlated with plasma alkylresorcinol concentrations (r = 0.15-0.30; P < 0.0001), whereas intakes of breakfast cereals, crisp bread, and whole-grain wheat were not (Table 2 ). Only whole-grain variables that were positively correlated with plasma alkylresorcinol concentrations were used in further investigations of the association with the incidence of colorectal cancer. As alkylresorcinols are biomarkers of whole-grain wheat and rye only, other wholegrain types such as oats were not investigated in the present study.
No significant associations were observed across increasing quartiles of whole-grain intake estimated by the FFQs with any subtype of colorectal cancer. An inverse association between a linear interquartile range increment in plasma alkylresorcinol concentration and the incidence of distal colon cancer was found in both the crude and the adjusted models (adjusted incidence rate ratio (IRR) = 0.59, 95% confidence interval (CI): 0.41, 0.83). Plasma alkylresorcinol concentrations alone were also inversely associated with the incidence of distal colon cancer when comparing the highest quartiles with the lowest (adjusted IRR = 0.34, 95% CI: 0.13, 0.92).
When using Howe's score with ranks as a measure of whole-grain intake, inverse associations with the incidence of distal colon cancer were observed for linear increments per interquartile range for total whole-grain intake in combination with plasma alkylresorcinol concentration (adjusted IRR = 0.57, 95% CI: 0.33, 0.97), total whole-grain products in combination with plasma alkylresorcinol concentration (adjusted IRR = 0.55, 95% CI: 0.35, 0.87), and whole-grain bread in combination with plasma alkylresorcinol concentration (adjusted IRR = 0.52, 95% CI: 0.31, 0.87). Similarly, when comparing the highest quartiles of Howe's score with ranks with the lowest, an inverse association was observed for total whole-grain products in combination with plasma alkylresorcinol concentration (adjusted IRR = 0.35, 95% CI: 0.15, 0.86). With regard to the different whole-grain measures (whole-grain product intake assessed via FFQ, plasma alkylresorcinol concentrations, and a combination of the 2), the combined measure of both whole-grain product intake from FFQ and plasma alkylresorcinol concentrations seemed to be a more precise measure of whole-grain exposure (Figure 1) . No association was observed between cancers of the colon, proximal colon, or rectum and any of the 3 measures of whole-grain intake (Table 3 and Web Table 1 , available at http://aje.oxfordjournals.org/).
DISCUSSION
Of the 3 measures of whole-grain intake used in the present study, plasma alkylresorcinol concentration alone was b Estimated using food-frequency questionnaires. Incidence rate ratios for categorical analyses of distal colon cancer according to median intake for the 3 measures of wholegrain intake by quartile in a nested case-control study in the HELGA cohort, 1992-1998. The first quartile is the reference group, and the dotted line shows the reference value. The combined whole-grain product (WGP) and plasma alkylresorcinol concentration (AR) values were determined using Howe's score with ranks. Bars, 95% confidence intervals.
inversely associated with the incidence of distal colon cancer, whereas whole-grain intake measured by FFQs alone showed no significant association. However, the combination of the 2 measurements, with Howe's score with ranks, seemed to be a more precise estimate of whole-grain intake, as the confidence intervals were smaller. Abbreviations: AR, alkylresorcinol; CI, confidence interval; FFQ, food frequency questionnaire; IRR, incidence rate ratio; IQR, interquartile range increment.
a A research project on Nordic health and whole-grain consumption. b Conditioned on matching factors: age, sex, study center, time of day of blood collection, and fasting status for all participants; additionally conditioned on menopausal status, phase of menstrual cycle, and use of hormone replacement therapy or oral contraceptives for women.
c Conditioned on matching factors and adjusted for alcohol intake (g/day), body mass index (weight (kg)/height (m)
Most measures of whole-grain intake from FFQs (total whole grain and whole-grain rye, as well as total whole-grain products and whole-grain bread) were moderately positively correlated with plasma alkylresorcinol concentrations. The lack of correlation between plasma alkylresorcinol concentrations and intakes of whole-grain wheat, crisp bread, and breakfast cereals was most likely due to a large variation in the whole-grain contents of these products and the resulting lack of precision of the FFQs in capturing whole-grain intake via these products. Other possible explanations for the lack of correlation are the relatively short half-life of alkylresorcinols in plasma and the large proportion of nonfasting blood samples used in the present study, which most likely contributed to some misclassification. In controlled intervention studies, whole-grain wheat and rye intakes have been reported to be moderately correlated with plasma alkylresorcinol concentration (14, (16) (17) (18) . No association between any of the wholegrain intakes measured by the FFQs and risk of colorectal cancer was observed in the present study, unlike in an analysis of the whole HELGA cohort (43) . This discrepancy was probably due to the lower statistical power of the present study resulting from the smaller number of participants involved.
In the present study, plasma alkylresorcinol concentrations were inversely associated with the incidence of distal colon cancer. This was also found in the study nested within the entire EPIC study, of which the present study is a substudy (24) . However, the especially strong association with distal colon cancer was not found in the study of the entire HELGA cohort, in which whole-grain intake was measured using FFQs (43) . It is known that the etiologies of proximal and distal colon cancer are likely to differ, as the 2 anatomical subsites have different embryological origins and there are differences in the mucosa (44) (45) (46) . For distal colon cancer in particular, the association might be due to the high content of lignified and resistant fibers present in whole grains, which are not fermented in the proximal colon but instead reach the distal colon (47) .
The concentrations of alkylresorcinols in plasma have been found to be a suitable biomarker for whole-grain wheat and whole-grain rye intakes in several earlier studies (14) (15) (16) (17) (18) (19) (20) (21) . They mainly reflect short-term whole-grain intake but may also reflect long-term intake with moderate to high precision in populations with frequent, stable intakes of whole grains despite a relatively short half-life of 5 hours. A study conducted using data from the Swedish part of the present study found that plasma total alkylresorcinol concentrations were stable over a long period, with a correlation of 0.6-0.7 between measurements made 0.1-4 years apart. This was probably due to the high, regular intake of whole grains by this population and the fact that overnight fasting samples were used (23) . In the present study, no heterogeneity by fasting status was found, which suggests that plasma alkylresorcinol concentrations can also be used as biomarkers of whole-grain intake when measured in plasma samples drawn from nonfasting participants if these participants have rather high and frequent whole-grain intakes, as in this study. The biomarker would probably be less useful in populations in which whole-grain wheat and rye are not daily staples (24) . Plasma alkylresorcinol concentration has further limitations as a biomarker for whole-grain intake because it cannot be converted into absolute intake measurements (48) . Furthermore, factors other than whole-grain intake can affect plasma alkylresorcinol concentrations, for example, interindividual variation (13) . This would contribute to measurement error, thereby attenuating the biomarker-disease association. More study participants may therefore be needed to detect a true association, if such an association exists (49) . Imprecision in laboratory analyses could contribute further to the error (50) . However, in the present study, matched case sets were analyzed in the same batch, and any measurement error would thus be random. The between-day variation in the present study was somewhat higher than that previously found using this method (15, 23) , probably because the samples were analyzed by 3 laboratory technicians in a large number of batches over a long period of time. However, the cases and controls were analyzed in the same batch, so the somewhat high between-day variation is unlikely to have affected the findings. Moreover, this variation was small in relation to the biological variation between individuals.
Howe's score with ranks seemed to be a more accurate exposure measure than the biomarker or FFQs alone, as observed from the slightly smaller 95% confidence intervals, although the possibility that the findings are due to chance cannot be ruled out. The positive correlations between whole-grain intakes measured from the FFQs and plasma alkylresorcinol concentration were only modest. Under similar conditions, previous studies have shown improved precision in the measurement of dietary intake when using Howe's score with ranks (26) . With this method, the errors with the 2 exposure measurements must be independent of both each other and disease status (26) . This requirement is probably fulfilled in the present study. In a previous nested casecontrol study of prostate cancer that used 450 matched case sets, the association of carotenoid intake and plasma biomarkers combined was stronger than those found when the measures were applied separately (51) . In another study, the associations between lutein and zeaxanthin intake and their corresponding plasma biomarkers were investigated separately and in combination, by Howe's score with ranks, in relation to age-related nuclear cataract in a nested casecontrol design with 738 cases and 1,073 controls (25) . It was found that the number of participants could be reduced by 8%-53% when Howe's score with ranks was used instead of a biomarker or dietary intake measured from FFQs alone because of reduced misclassification error and thereby improved statistical power (25) . A limitation of using Howe's score with ranks is that it has no recognized unit, as it is the sum of ranks of 2 independent measures. Therefore, from the findings of the present study, no estimations of how much whole-grain product one has to consume to reach a certain plasma alkylresorcinol concentration or number of points in Howe's score can be made.
When using the biomarker alone and when using Howe's score with ranks, we observed an inverse association with the incidence of distal colon cancer. No association was observed with whole-grain intake derived from FFQs, although an inverse association was observed in the entire HELGA cohort (43) . This may indicate less misclassification with use of the biomarker or Howe's score with ranks than with the FFQs alone in the present study. The slightly more precise estimate observed with the use of Howe's score with ranks compared with the biomarker or the FFQs used separately indicate a gain in statistical power. However, the anticipated gain in statistical power or potential reduction in the number of participants was not estimated. The results of the 2 previous studies (25, 51) and our findings support the use of combined dietary and biomarker data to decrease misclassification bias and gain statistical power in epidemiologic studies. Howe's score with ranks is an easy approach to achieve this under certain conditions. The cost of the laboratory analyses and the use of irreplaceable biological samples from biobanks should always be weighed against the expected scientific benefits of the study.
In conclusion, whole-grain intake measured using Howe's score with ranks tended to be slightly more strongly associated with the incidence of distal colon cancer than wholegrain intake measured using the alkylresorcinol biomarker or the FFQs. This suggests that future epidemiologic studies on whole grains could consider using both self-reported dietary intake and dietary biomarkers in combination, in relation to disease end points, to reduce the impact of measurement errors. This might also be relevant for other dietary exposures that can be measured using both self-reported intakes and a biomarker.
